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PCardiac Imaging
Characterization of Peri-Infarct Zone
Heterogeneity by Contrast-Enhanced
Multidetector Computed Tomography
A Comparison With Magnetic Resonance Imaging
Karl H. Schuleri, MD,* Marco Centola, MD,* Richard T. George, MD,* Luciano C. Amado, MD,*
Kristine S. Evers, AA,* Kakuya Kitagawa, MD, PHD,* Andrea L. Vavere, MS,* Robert Evers, BSRT,*
Joshua M. Hare, MD,‡ Christopher Cox, PHD,§ Elliot R. McVeigh, PHD,† João A. C. Lima, MD,*
Albert C. Lardo, PHD*†‡
Baltimore, Maryland; and Miami, Florida
Objectives This study examined whether multidetector computed tomography (MDCT) improves the ability to define peri-
infarct zone (PIZ) heterogeneity relative to magnetic resonance imaging (MRI).
Background The PIZ as characterized by delayed contrast-enhancement (DE)-MRI identifies patients susceptible to ventricular
arrhythmias and predicts outcome after myocardial infarction (MI).
Methods Fifteen mini-pigs underwent coronary artery occlusion followed by reperfusion. Both MDCT and MRI were per-
formed on the same day approximately 6 months after MI induction, followed by animal euthanization and ex
vivo MRI (n  5). Signal density threshold algorithms were applied to MRI and MDCT datasets reconstructed at
various slice thicknesses (1 to 8 mm) to define the PIZ and to quantify partial volume effects.
Results The DE-MDCT reconstructed at 8-mm slice thickness showed excellent correlation of infarct size with post-
mortem pathology (r2  0.97; p  0.0001) and MRI (r2  0.92; p  0.0001). The DE-MDCT and -MRI were able
to detect a PIZ in all animals, which correlates to a mixture of viable and nonviable myocytes at the PIZ by his-
tology. The ex vivo DE-MRI PIZ volume decreased with slice thickness from 0.9  0.2 ml at 8 mm to 0.2  0.1
ml at 1 mm (p  0.01). The PIZ volume/mass by DE-MDCT increased with decreasing slice thickness because of
declining partial volume averaging in the PIZ, but was susceptible to increased image noise.
Conclusions A DE-MDCT provides a more detailed assessment of the PIZ in chronic MI and is less susceptible to partial volume
effects than MRI. This increased resolution best reflects the extent of tissue mixture by histopathology and has the
potential to further enhance the ability to define the substrate of malignant arrhythmia in ischemic heart disease
noninvasively. (J Am Coll Cardiol 2009;53:1699–707) © 2009 by the American College of Cardiology Foundation
ublished by Elsevier Inc. doi:10.1016/j.jacc.2009.01.056c
s
(
w
w
s
w
w
a
(
a
i
mhe success of myocardial protection after myocardial in-
arction (MI) has led to an ever-increasing number of
atients with advanced heart disease and chronic heart
ailure (1) in which questions of viability and risk stratifi-
ation are of crucial importance. Clinical assessment of
yocardial viability is performed by single-photon emission
rom the *Department of Medicine, Division of Cardiology, and †Department of
iomedical Engineering, Johns Hopkins University, Baltimore, Maryland; ‡Depart-
ent of Medicine, Division of Cardiology, University of Miami, Miami, Florida; and
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or Cell Therapeutics) and The Donald W. Reynolds Foundation. Christopher M.
ramer, MD, served as Guest Editor for this article.r
Manuscript received September 8, 2008; revised manuscript received January 9,
009, accepted January 16, 2009.omputed tomography, positron emission tomography,
tress echocardiography, or magnetic resonance imaging
MRI) (2–5). Evaluation of infarct size and morphology
ith delayed contrast-enhancement (DE) MRI has been
ell validated and is currently considered the clinical gold
tandard for viability assessment (6–8). Recently, DE-MRI
as used to assess heterogeneity of the peri-infarct zone (PIZ),
hich was shown to identify patients susceptible to ventricular
rrhythmias (9) and predict post-MI mortality (10).
The use of cardiac multidetector computed tomography
MDCT) has expanded beyond assessment of coronary
therosclerotic burden (11–13) to include myocardial viabil-
ty by DE in a similar fashion as MRI (14–16) as well as
yocardial perfusion assessment (17,18). Limited spatial
esolution of in vivo MRI in the z or axial direction (slice
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tial volume effect at the infarct
border is regarded as a limiting
factor for the assessment of non-
viable myocardial tissue by MRI
and is likely partly responsible for
the presence and appearance of
the PIZ documented by MRI
(7). With its high isotropic reso-
lution, MDCT has the potential
to greatly decrease partial volume
effects and accurately character-
ize the PIZ. However, the high
z-axis spatial resolution of MDCT
comes at the expense of higher
image noise, which may preclude
accurate assessment of the PIZ.
The effect of slice thickness and
partial volume effects on infarct
size and infarct heterogeneity
relative to MRI has not been
systematically studied for DE-
MDCT imaging. Accordingly,
he purpose of this study was 2-fold: 1) to compare DE-MRI
nd -MDCT assessment of the PIZ in a chronic 6-month
cclusion/reperfusion model of healed MI; and 2) to charac-
erize the effect of slice thickness (partial volume averaging) on
E-MDCT and -MRI infarct and PIZ measurements.
ethods
nimal model. All animal studies were approved by the
ohns Hopkins University Institutional Animal Care and
se Committee and comply with the Guide for the Care
nd Use of Laboratory Animals (National Institutes of
ealth Publication no. 80-23, revised 1985). Female Göt-
ingen mini-pigs were purchased from Marshall BioRe-
ources (North Rose, New York).
Animals with chronic infarcts were created as previously
escribed in detail (19). Briefly, MI was induced by engaging
he left anterior descending coronary artery (LAD) with an 8-F
ockey stick catheter under fluoroscopic guidance. Then, a
.014-inch angioplasty guidewire was inserted into the LAD
nd a 2.5  12-mm Maverick balloon (Boston Scientific,
atick, Massachusetts) was inflated to 4 atm just distal to the
econd diagonal branch of the LAD. After 120 min, occlusion
f the vessel was terminated by deflating the balloon, and
estoration of flow in the LAD was confirmed by angiography.
Animals progressed to heart failure (Table 1), and all
DCT and MRI studies were performed in random order
n the same day 191 4 days after MI induction (Table 1).
total of 15 animals were studied. One animal died
mmediately after the MDCT scan before MRI data could
e acquired. Pathology at 2-mm slice thickness was
chieved in 12 animals. In a subset of 5 animals, ex vivo
Abbreviations
and Acronyms
CNR  contrast-to-noise
ratio
DE  delayed
contrast-enhancement
LAD  left anterior
descending coronary artery
LV  left ventricle/
ventricular
MDCT  multidetector
computed tomography
MI  myocardial infarction
MRI  magnetic resonance
imaging
PIZ  peri-infarct zone
SEM  scanning electron
microscopy
SNR  signal-to-noise ratio
TEM  transmission
electron microscopyRI images were obtained after the last in vivo experiment.
L
lDCT. Each animal was scanned, with electrocardio-
raphic monitoring, using a 0.5-mm  64-detector scanner
Aquilion 64, Toshiba Medical Systems Corporation,
tawara, Japan). Animals received intravenous metoprolol
2 to 5 mg) and/or amiodarone (50 to 150 mg) to achieve a
eart rate 100 beats/min for DE studies. After scout
cquisition and slice prescription, a 150-ml bolus of iodixa-
ol (Visipaque, 320 mg iodine/ml, Amersham Health,
mersham, United Kingdom) was injected intravenously
0.91  0.04  103 mg iodine/kg body weight). During
DCT acquisition, respiration was suspended and imaging
as performed using a retrospectively gated MDCT proto-
ol with the following parameters: gantry rotation time 400
s, temporal resolution 212  5 ms, detector collimation
.5 mm 64 (isotropic voxels 0.5 0.5 0.5 mm3, 13 line
airs/cm), helical pitch variable depending on heart rate
range 6.4 to 6.8), tube voltage 120 kV, tube current 400
A. The DE images were acquired during the first pass and
t 5, 10, and 15 min after contrast delivery.
Raw data were reconstructed as contiguous 0.5-mm slice
hickness by an adaptive multisegment reconstruction algo-
ithm (20). Images were reconstructed at 80% of the R-R
nterval using a standard kernel (FC43). Electrocardio-
raphic editing to account for arrhythmias was performed
hen necessary. Multiplanar reformation in the short axis of
he heart was implemented to achieve 8-, 4-, 2-, and 1-mm
lice thickness to isolate effects of partial volume and
ignal-to-noise ratio (SNR).
RI. In vivo MRI images were acquired using a 1.5-T
R scanner (CV/i, GE Medical Systems, Waukesha,
isconsin) 24 weeks after MI. Global left ventricular (LV)
unction was assessed using a steady-state free-precession
ulse sequence (21). A total of 8 to 10 contiguous short-axis
lices were prescribed to cover the entire LV, from base to
pex. Image parameters were the following: echo time/
epetition time 1.9/4.2 ms, flip angle 45°; 256 160 matrix;
-mm slice thickness/no gap; 125 kHz; 28-cm field of view;
number of signal averages (NSA).
nimal Characteristics (n  14)
Table 1 Animal Characteristics (n  14)
Mean SD SEM 95% CI of Mean
BW (kg) 43.7 7.2 1.9 39.5–47.9
Age
Months 19.3 2.9 0.8 17.7–21.0
Days 580 86 23 530–629
LVSV (ml) 18.6 6.0 1.6 15.2–22.1
LVEF (%) 33.5 8.4 2.3 28.7–38.4
LVEDV (ml) 56.6 13.5 3.6 48.8–64.4
LVESV (ml) 37.0 10.2 2.7 31.1–42.9
Follow-up
Months 6.4 0.5 0.1 6.1–6.7
Days 191 15 4 182–200
W  body weight; CI  confidence interval; Follow-up time from infarct to imaging studies;
VEDV  left ventricular end-diastolic volume; LVEF  left ventricular ejection fraction; LVESV 
eft ventricular end-systolic volume; LVSV  left ventricular stroke volume.
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May 5, 2009:1699–707 Peri-Infarct Zone Assessment by MDCTThe DE images were acquired 15 min after intravenous
njection of gadolinium diethylenetriamine penta-acetic
cid (0.2 mmol/kg body weight, Magnevist, Berlex,
ayne, New Jersey), using an electrocardiogram-gated,
reath-hold, interleaved, inversion recovery, fast gradient
epetition echo pulse sequence. The DE-MRI images
ere acquired using the same slice prescription used for
hort-axis cine images. Imaging parameters were: echo
ime/repetition time 3.3/7.3 ms; flip angle 25°; band-
idth 31.2 kHz; field of view 280 mm; 256  196 matrix;
.3  1.3  8.0 mm3; 8-mm slice thickness/no gap.
nversion recovery time (200 ms) was manually ad-
usted as needed to null the normal myocardium (22).
Ex vivo MRI was conducted in a subset of 5 animals to
isualize infarct morphology at submillimeter resolution.
fter intravenous administration of heparin 5,000 IU and
.20 mmol/kg gadolinium diethylenetriamine penta-acetic
cid, the animals were euthanized and the hearts were
emoved and filled with vinyl polysiloxane to ensure dia-
tolic arrest. The heart was scanned in a 1.5-T Sonata MR
canner (Siemens Medical Solutions, Erlangen, Germany)
ith a 3-dimensional gradient echo sequence. The imaging
arameters were as follows: echo time/repetition time 4.02/9.7
s; flip angle 20°; bandwidth 130 Hz/pixel; field of
iew 100 mm; image matrix 256  256; spatial resolution
.39  0.39  0.39 mm3. Images were then averaged to
chieve multiple slice thicknesses (1, 2, 4, and 8 mm) for
ssessment of partial volume effects on the PIZ and infarct
ore.
maging analysis. Cine MRI images, DE-MDCT, and
E-MR images were analyzed using a custom research
oftware package (Cine Tool, GE Medical Systems). To
valuate resting LV function, endocardial and epicardial
orders of the LV were defined each in the end-diastolic
nd -systolic frame in contiguous slices and end-diastolic
V volume, end-systolic LV volume, LV stroke volume,
nd LV ejection fraction were calculated (Table 1). Infarct
ize in DE-MDCT and -MR images was defined by SDs
f the signal intensity to the remote mean (noninfarct)
yocardium for the core infarct and 2 SD of the signal
ntensity from the remote mean to the PIZ as described
reviously (23).
The SNRs were calculated for MDCT and MRI by
ividing the mean signal intensity in the infarct area with
he SD of signal intensity outside of the thorax. The SD of
he air measurements reflects the degree of image noise.
ean signal intensity and SD were obtained by measuring
ir/noise outside the body or in the lung field. Image
ontrast-to-noise ratios (CNR) were calculated by using the
ollowing equation: (mean signal intensity of the infarct 
ean signal intensity of the remote region)/SD of noise.
athology and histology. Animals were immediately
illed after the imaging study. Hearts were arrested in
iastole by slow retrograde infusion of an ice-cold solution
f 4 mmol/l potassium chloride (KCl) and 4% paraformal-
ehyde dissolved in phosphate-buffered saline. The porcine aearts were excised, filled with dental rubber to avoid
neven tissue shrinkage, and post-fixed in 4% paraformal-
ehyde overnight at 4°C. For post-mortem infarct size
ssessment, the fixed porcine hearts were sectioned from
pex to base at 2-mm slice thickness with a commercial
vailable meat slicer. Myocardial slices were weighed, and
he apical and basal aspect of each slice was digitally
hotographed. The infarct scar and areas of viable myocar-
ium were manually traced using imaging analysis software
Sigma Scan Pro5, Systat Software Inc., San Jose, Califor-
ia). The infarct mass was calculated according to slice
eight, and infarct size was expressed as percentage of LV
ass excluding the papillary muscle.
Fixed tissue samples from the peri-infarct area were
mbedded in paraffin, and 5-m sections were cut and
tained with a Masson trichrome protocol. Light micros-
opy images were obtained on a Zeiss Axiophot micro-
cope (Carl Zeiss NTS GmbH, Oberkochen, Germany).
lectron microscopy. Small tissue samples including
oth chronic infarct scar and viable myocardium were
issected from the porcine hearts after perfusion with
ce-cold phosphate-buffered saline solution. For trans-
ission electron microscopy (TEM) and scanning elec-
ron microscopy (SEM), the cardiac tissue was fixed in
% glutaraldehyde in 0.1 M cacodylate pH 7.4 with 3%
ucrose and 3 mM CaCl2 overnight at 4°C. The TEM
amples were post-fixed with 1% osmium tetroxide re-
uced in potassium ferrocyanide for 1 h at 4°C. Tissue
as incubated in 0.15% tannic acid for 1 min to enhance
he visualization of collagen fibers, and placed in 2%
ranyl acetate for 1 h at room temperature.
After fixation, the tissue was stained en bloc with a 2%
queous solution of uranyl acetate and dehydrated in graded
thanol and embedded. Ultra-thin sections (70 to 90 nm)
ere cut and stained with uranyl acetate and lead citrate.
amples were viewed and photographed on a Hitachi 7600
EM (Hitachi High Technologies America, Inc., Gaith-
rsburg, Maryland).
The SEM samples were fixed and dried with liquid CO2,
ounted onto SEM stubs, and sputter coated with 20-nm
old palladium. The SEM images were obtained on a
EO1530 field emission SEM (Carl Zeiss NTS GmbH).
tatistical analysis. All data are presented as mean  stan-
ard error of the mean unless otherwise stated. For infarct size
nd infarct volume/mass comparison, Pearson correlation and
inear regression analysis were used to compare MDCT versus
ost-mortem pathology and MRI. Results were confirmed by
land-Altman analysis and agreement expressed as mean 
D difference between methods at 95% confidence intervals.
he MDCT and MRI data at 8-mm slice thickness (Table 2)
ere evaluated with a paired Student t test. These analyses
ere performed in MedCalc (MedCalc Software, Mariakerke,
elgium).
Because the study involved repeated measurements of indi-
idual animals, an alinear mixed model (24) was used for
nalysis of the data depending on slice thickness. The model
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Peri-Infarct Zone Assessment by MDCT May 5, 2009:1699–707ncluded fixed effects for imaging modality and/or slice thick-
ess, as well as their interaction when both were included in
he model, and a random animal effect. Post-hoc comparisons
ere made among adjusted means using Wald tests. The linear
ixed model analyses were performed in SAS (SAS/STAT
oftware, Cary, North Carolina). In all analyses, values of p
.05 were considered significant.
esults
DCT viability imaging. First-pass DE-MDCT imaging
howed homogenous myocardial enhancement of the remote
yocardium and hypodense regions in the LAD territory.
ost-infarct MDCT imaging at 5, 10, and 15 min after
ontrast injection identified collagenous myocardial scar that
as characterized by well-delineated hyperdense regions. Den-
ity analysis of the LV blood pool, infarct region, and remote
yocardium at all time points confirmed that optimal image
uality (highest CNR) occurred at 10-min post-contrast, and
hus all DE-MDCT images were analyzed at this time point.
E-MDCT versus -MRI and pathology. The morphol-
gy and distribution of chronic infarct scar assessed by DE-
DCT correlated well with gross pathology and with ex vivo
nd in vivo MRI (Fig. 1). Infarct mass was 4.3  0.6 g
valuated by gross pathology. Total infarct size as percent of
V mass by MDCT at 8 mm correlated well with in vivo MRI
r2  0.92; p  0.0001) and post-mortem pathology (r2 
.97; p  0.0001) with a 8.2% mean underestimation by
Figure 1 Comparison of Infarct Morphology by MDCT With Pos
Example images in short-axis orientation for (A) delayed contrast-enhancement mu
mm, and (C) ex vivo and (D) in vivo magnetic resonance imaging (MRI) at 4-mm s
nous scar in the anterior septal left ventricular wall.
omparison of MDCT and MRIt 8-mm Slice Thickness (n  14)
Table 2 Comparison of MDCT and MRIat 8-mm Slice Thickness (n  14)
MDCT MRI p Value
Infarct (% of LV mass) 18.5 1.5 25.0 1.8 0.01
Total infarct mass (g) 7.6 0.7 10.4 0.9 0.02
Core infarct mass (g) 7.0 0.6 10.1 0.9 0.01
Peri-infarct mass (g) 0.6 0.1 0.3 0.1 0.01
LVED mass (g) 39.9 1.6 41.7 1.6 0.46
V  left ventricular; LVED  left ventricular end-diastolic; MDCT  multidetector computed
omography; MRI  magnetic resonance imaging.DCT versus MRI and a qualitative trend toward overesti-
ation by MDCT versus pathology with mean difference
8.2%. Matching slice thickness of 2 mm for DE-MDCT
mages and post-mortem pathology, the overestimation of
E-MDCT decreased to a mean difference of –7.3%.
IZ imaging. A PIZ could be measured for both DE-
DCT and -MRI in all animals at all slice thicknesses
Table 2, Fig. 2). We used standard histology TEM and
EM as a reference to investigate the tissue composition of
he PIZ and to clarify the imaged substrate. Gross pathol-
gy and Masson trichrome staining showed transmural
nfarct scars with densely packed collagen fibers (Figs. 2C
nd 2F) in all animals. Infarct scar and viable myocardium
ere clearly delineated in all chronic MI (Figs. 2G to 2I),
nd islands of viable myocytes could be detected by Masson
richrome staining at the border zone of the infarcts (Figs.
C and 2F). All myocardial infarcts showed this intermin-
ling of viable and nonviable tissue at the border zone of the
nfarct scar.
ffect of slice thickness on the PIZ. Slice thickness had a
arked effect on the calculated mass of the PIZ for both in
ivo and ex vivo DE-MRI experiments (Fig. 3), suggesting
strong partial volume effect. For ex vivo MRI, the PIZ
ass decreased from 0.9  0.2 mg to 0.2  0.1 mg
omparing 8- and 1-mm thickness, respectively (p 
.0001). The DE-MDCT PIZ volume showed a trend
oward increasing values with decreasing slice thickness
Fig. 4). Additionally, the relative proportion of the PIZ
xpressed as a percentage of the total infarct core changed
ignificantly with slice thickness (Table 3, Fig. 5). These
esults were consistent with increased CNR and decreased
NR in the PIZ with thinner slices by visual and quantita-
ive assessment (Figs. 6B and 6C).
iscussion
o the best of our knowledge, this is the first report of
E-MDCT and -MRI PIZ imaging with post-mortem
athology in dense remodeled scar 6 months’ post-MI. The
tem Pathology and MRI
ctor computed tomography (DE-MDCT) at 2 mm, (B) post-mortem pathology at 2
ickness show a similar location and distribution pattern of the chronic collage-t-Mor
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May 5, 2009:1699–707 Peri-Infarct Zone Assessment by MDCTajor findings of this study are that DE-MDCT is superior
o MRI in its ability to detect and quantify the PIZ after
ontrast delivery in chronic MI. Furthermore, we charac-
erize the influence of partial volume effects on the mea-
urement of the PIZ by imaging methods and provide
etailed comparisons against histopathology.
car enhancement by MDCT: comparison with MRI.
elayed hyperenhancement in chronic collagenous myocar-
ial scar results from an accumulation of contrast media in
he interstitial space between collagen fibers, resulting in an
ncreased volume of contrast distribution in the scar tissue
ompared with that of tightly packed myocytes (7). The
Figure 2 Characterization of Tissue Heterogeneity in the PIZ b
Example of matching 8-mm slice section in chronic infarcts for DE-MDCT (A and B
tion values than enhanced scar tissue (white arrows). The peri-infarct zone (PIZ) i
DE-MDCT images. (D and E) Viable myocardium (*), DE infarct scar (white arrows
cardium is darker in the MRI acquisition, and the PIZ appears larger in DE-MDCT im
cardium in red (*) from nonviable tissue in blue. At higher magnification the dense
can be appreciated. Islands of viable myocytes (red) within the scar tissue are vis
electron microscope images of the densely packed collagen fibers 6 months after
and the PIZ. (I) Transmission electron microscopy of the PIZ shows the clear delin
in Figure 1.ccumulation of contrast material in the collagenous scar iatrix is a passive process, and the timing between admin-
stration of contrast agents and imaging is crucial to differ-
ntiate blood pool from scar and the PIZ. The DE-MDCT
ensity values are somewhat unique and determined by the
hysical properties of individual constituents of the heart
ncluding blood and viable and nonviable myocardium that
esult from direct X-ray attenuation by iodine. Although
ot a perfect binary system, such imaging is theoretically well
uited to characterize infarct heterogeneity.
Because of its high CNR and lack of ionizing radiation,
E-MRI is a highly attractive modality for myocardial
iability imaging. This approach is based on gadolinium-
CT
-MRI (D and E). (A and B) The viable myocardium (*) shows lower attenua-
lized between 2 black arrows by intermediate signal intensity (white circle) in
the PIZ (white circle) show different signal intensity in DE-MRI. The viable myo-
compared with DE-MRI. (C and F) Masson trichrome stain depicts viable myo-
ked collagenous extracellular matrix (white arrows) in the chronic infarct scar
, showing the heterogeneity of the PIZ (area between black arrows). Scanning
and viable myocytes (H) characterize the ultra-structure of the chronic infarct
of the collagenous scar (white arrows) and viable tissue (*). Abbreviations asy MD
) and
s visua
), and
ages
ly pac
ualized
MI (G)
eatingnduced alterations of water relaxivity and thus represents a
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Peri-Infarct Zone Assessment by MDCT May 5, 2009:1699–707urrogate measure of the amount and distribution of con-
rast in the extracellular space. Recent studies have shown
hat DE-MDCT and -MRI infarct size compare well in
atients (14,25), despite the lower image quality of DE-
DCT examinations. The lower image quality of DE-
DCT is likely related to technical factors such as temporal
esolution as well as differences in the mechanisms of
yperenhancement between DE-MDCT and -MRI (e.g.,
he lack of iodine–water interactions that modulate signals).
he quality of acute DE-MDCT infarct imaging is im-
roved over that of scar imaging because iodine is able to
ccess the intracellular space rather than the limited extra-
Figure 4 Comparison of PIZ Assessment
With Ex Vivo DE-MRI and -MDCT
The volume of the PIZ (A) and PIZ expressed as percentage of the total infarct
size (B) decreases in a linear fashion with reduced slice thickness evaluated
by ex vivo MRI, suggesting a pronounced partial volume effect, whereas the
amount of PIZ volume is less affected by slice thickness in MDCT acquisitions
until a slice thickness of 1 mm is reached. This implies that MDCT assess-
ment of the PIZ is less susceptible to partial volume effects, but affected by
image noise at 1 mm. There are marked differences in the PIZ volume and per-
centage assessment between MDCT and ex vivo MRI assessment at 1 and 8
mm, *p  0.01 and †p  0.001, respectively. Differences between slice thick-
nesses: 1 mm versus 4 and 8 mm, ‡p  0.01 and §p  0.001, respectively;
2 mm versus 8 mm, ¶p  0.01 for ex vivo MRI, and 8 mm versus 2 and
4 mm, #p  0.05 and **p  0.05, respectively. Abbreviations as in Figure 2.Figure 3 PIZ Assessment by Ex Vivo MRI (n  5)
(A) Long-axis orientation showing the extent of 1- and 8-mm slice thickness
for short-axis images. The presence of both viable and nonviable tissues
in the 8-mm slice results in partial volume averaging. (B) For the 8-mm
slice thickness, the septal infarct appears transmural (arrows) and the PIZ
is less defined with a wide range of gray values. (C) In the 1-mm short-axis
slice at the same region, it can be appreciated that infarct is not transmu-
ral and has well-delineated borders (arrows). (D and E) The same myocar-
dial slices with computer-generated mask depicting the core infarct (red)
and PIZ (yellow). The PIZ is larger at 8 mm. (F) Ex vivo and in vivo MRI
showed different assessment of the PIZ at 8 and 4 mm (*p  0.01 and †p
 0.01, respectively). The PIZ mass in ex vivo MRI acquisitions as a func-
tion of slice thickness showed marked differences (‡p  0.004) and
decreased with thinner slice thickness; 2 mm versus 8 mm (§p  0.01),
and 1 mm versus 4 and 8 mm (¶p  0.01 and #p  0.001), respectively.
Abbreviations as in Figure 2.
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May 5, 2009:1699–707 Peri-Infarct Zone Assessment by MDCTellular space generated by a collagen matrix (15). Other
eatures unique to DE-MRI data acquisition, such as
nversion recovery based myocardial nulling, further im-
rove scar visualization over DE-MDCT but may also
artly explain the overestimation of infarct size by DE-MRI
n our chronic infarcts and in the acute setting (26).
artial volume effects and the appearance of the PIZ.
he appearance of the PIZ by DE-MDCT and -MRI can
e explained by 2 possible orientations of the normal
yocardium with respect to scar: 1) an area of uniformly
ense scar adjacent to preserved myocardium with a sharp
inary transition; or 2) the intermingling of bundles of
brotic scar with viable myocytes. Partial volume effects are
elated to the 3-dimensional spatial resolution of a tomo-
raphic image. If a given voxel at the infarct periphery
ontains both infarct and noninfarct tissue, the 2 different
ignal intensities will be averaged, and this particular voxel
ill be represented by an intermediate attenuation value.
or standard clinical DE-MRI, voxel volumes are typically
13 mm3 (1.3  1.3  8.0 mm3) and thus approximately
00,000 cells at the interface between infarcted and viable
issue in the PIZ can occur in a single voxel. To quantify the
ffect of partial volume averaging for DE-MRI, we acquired
igh-resolution ex vivo MR images at 0.4-mm slice thick-
ess using a 3-dimensional sequence with an isotropic voxel
ize 0.39 0.39 0.39 mm3, resulting in a pixel volume 59
m3, which allowed for reproduction of various slice thick-
esses. The measured PIZ decreased 350% when comparing
clinically used slice thickness (8 mm) with 1-mm slices.
e also observed a similar decrease in the PIZ when
omparing in vivo DE-MRI images. These data suggest a
trong partial volume effect that greatly decreases local CNR
n the PIZ and support the hypothesis that the PIZ
easured by DE-MRI may overestimate the actual PIZ.
In MDCT imaging with 64-detector-row scanners, raw
ata can be acquired and displayed at a high isotropic
esolution with a voxel volume of 43 m3 (0.35  0.35 
.35 mm3), which is 2 orders of magnitude smaller than that
f in vivo MRI. During the MDCT reconstruction process
t is possible to reconstruct and analyze multiple slice
DCT (n  12)
ckness by MDCT (n  12)
2 mm 1 mm p Value
16.0 1.5 14.3 1.8*† 0.025
6.8 0.7 5.9 0.8 0.059
6.0 0.7 4.8 0.7*‡§ 0.001
86.9 2.1 66.5 3.38*‡§ 0.001
0.8 0.1 1.1 0.2 0.056
13.2 2.3 23.3 3.3*‡§ 0.001
40.4 1.9 38.9 1.6 0.093
-mm slice thickness. ‡p 0.01 compared with 4-mm slice thickness.
-mm slice thickness.Infarct Parameters at Different Slice Thickness by M
Table 3 Infarct Parameters at Different Slice Thi
8 mm 4 mm
Infarct (% of LV mass) 17.3 1.1 16.4 1.4
Total volume (g) 7.0 0.6 6.8 0.6
Core volume
g 6.4 0.6 6.1 0.6
% 90.8 1.3 89.6 1.6
PIZ volume
g 0.6 0.1 0.6 0.1
% 9.2 1.3 10.4 1.6
LVED mass (g) 39.2 1.6 39.7 1.8
*p 0.001 compared with 8-mm slice thickness. †p 0.05 compared with 4Figure 5 Effect of Slice Thickness on DE-MDCT PIZ
(A) Long-axis orientation of DE-MDCT showing the location of the short axis
images (white box). (B and C) DE-MDCT images in the short axis recon-
structed at 8 and 1 mm. Note the smooth appearance of the tissue versus the
more heterogeneous appearance at 1 mm. (D and E) The same myocardial
slices with a computer-generated mask depicting the core infarct (red) and the PIZ
(yellow). The increase of the PIZ (yellow) can be appreciated with decreased slice
thickness. Abbreviations as in Figure 1.hicknesses from the original data set, which allows partial
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Peri-Infarct Zone Assessment by MDCT May 5, 2009:1699–707olume effects to be quantified. At thinner slices, partial
olume averaging decreases and CNR increases at the
xpense of decreased SNR. Unlike the DE-MRI derived
IZ, the DE-MDCT PIZ volume increased with increas-
ng slice thickness. This is likely explained by an increase in
NR in the PIZ that allows better differentiation of viable
ells and scar because partial volume averaging is greatly
ecreased. These advantages, however, are partly offset by
ncreased image noise that may limit PIZ assessment.
Overall, the PIZ in these experiments in chronic infarct
cars was small. This is partly because of the lack of
ollateral coronary circulation in swine species that gener-
tes well-delineated infarcts with sharp borders. Further,
he iodine washout in the chronic porcine model is more
apid compared with our previous experiments in a canine
odel of acute MI (15). The rich collateral supply in dog
earts facilitates the passive accumulation and distribution
f contrast material in the infarct area and delays the
learance of iodine, creating a more intense infarct signal and
reater PIZ. However, our PIZ size correlates well with
uman data reported for patients with small PIZ volumes (10).
linical implications. The potential value of imaging the
IZ has been recently reported (9,10). This very patholog-
cally complex region contains a mixture of both viable and
onviable electrically inactive scar that is thought to
rovide substrate for ventricular tachycardia via macrore-
ntry mechanisms. Thus, accurate characterization and
henotyping of the PIZ may allow selection of optimal
andidates for implantable defibrillators and identify targets
or ablation therapy during interventional electrophysiology
rocedures. We are currently using DE-MDCT of the PIZ
or this purpose at our institution in a porcine model of
entricular tachycardia.
Standardized low-radiation DE-MDCT protocols are
equired for ultimate translation of PIZ assessment into the
linical setting. We have recently described a prospectively
ated protocol for high-resolution DE-MDCT imaging
hat lowers radiation dose by an order of magnitude (27).
he focus of such protocols is achieving a reasonable
alance of SNR and CNR for visual and quantitative infarct
easurements while minimizing partial volume effects.
ased on the results of these studies, a slice thickness of 1 to
mm seems to provide this balance. Further studies are
equired to determine optimal threshold cutoffs and deter-
ine whether the evaluation of the PIZ with DE-MDCT
as prognostic value as suggested for MRI (9,10). The
bility to image healed MI in heart failure with DE-MDCT
nd to quantify the PIZ may enhance identification of
atients susceptible to life-threatening arrhythmias and
udden cardiac death.
tudy limitations. We applied previously published signal
ensity threshold algorithms to define the infarct core and
eri-infarct region. However, specific optimal cutoff values
or normal, PIZ, and core zones of myocardium are un-
nown and are likely dependent on study quality. Addition-Figure 6 Effect of Slice Thickness on
DE-MDCT Density and SNR and CNR
(A) Signal density in Hounsfield units for the LVBP, IN, PIZ, and RE; the LVBP
and RE do not show different attenuation values at different slice thickness,
whereas IN values (*p  0.05, 1 mm vs. 4 mm and 2 mm vs. 4 mm; †p 
0.01, 1 mm vs. 8 mm, 2 mm vs. 8 mm) and PIZ values (‡p  0.01, 1 mm vs.
4 and 8 mm, and 2 mm vs. 8 mm) change with the reconstructed slice thick-
ness parameters (§p  0.007 and ¶p  0.002, respectively). (B) Mean MDCT
SNR (8 mm vs. 2 and 1 mm (†p  0.01 and ‡p  0.01, respectively; and 4
mm vs. 1 mm, *p  0.05; ‡p  0.003), and (C) mean MDCT CNR (8 mm vs.
2 and 1 mm, ‡p  0.01; **p  0.008) change with the reconstructed slice
thickness, which reflects reduced imaging quality of thinner reconstructed
slices. CNR  contrast-to-noise ratio; IN  infarcted myocardium; LVBP  left
ventricular blood pool; RE  remote myocardium; SNR  signal-to-noise ratio;
other abbreviations as in Figures 1 and 2.lly, because of the passive contrast kinetics of iodinated
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May 5, 2009:1699–707 Peri-Infarct Zone Assessment by MDCTontrast and the limited collateral circulation in pigs, DE-
DCT imaging of collagenous scar in this model requires
relatively large dose of iodine to cause a sufficient change
n the volume of distribution in that myocardial bed. In this
tudy we used 1.5 a human equivalent dose, although
uccessful viability imaging in humans has been reported in
everal studies with standard contrast volumes used for
oronary CT angiography (25). A further limitation of the
tudy is the lack of quantitative histological gold standards
o index the degree of heterogeneity of the PIZ.
onclusions
his study found that DE-MDCT provides an accurate
easure of the spatial extent of chronic collagenous infarct
cars relative to MRI and post-mortem pathology. The
mproved spatial resolution of DE-MDCT minimizes par-
ial volume averaging and allows for quantification of
omplex tissue substrates in the PIZ.
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